According to sequence-based classification of glycoside hydrolases (GH) (3, 4) , DG is classified into GH 13 subfamily 31. GH 13 consists of ϳ30 kinds of retaining glycosidases and transglycosylases, including ␣-amylases (EC 3.2.1.1), cyclodextrin glucanotransferases (EC 2.4.1.19), branching enzymes (EC 2.4.1.18), and ␣-glucosidases (EC 3.2.1.20) acting on ␣-glucans such as starch, cyclodextrin, dextran, and sucrose. Despite low sequence similarity of entire sequences, the enzymes of this family share three common domains, A, B, and C. Domain A is the catalytic domain folded in a (␤/␣) 8 -barrel (5) . Domain B is a long loop connecting ␤-strand 3 and ␣-helix 3 of domain A. Domain C follows domain A and is made up of ␤-strands. Four short conserved sequences (I-IV) of GH 13 enzymes are involved in the formation of the catalytic sites.
It is believed that retaining GHs, including DG, catalyze the hydrolysis of glycosidic linkages through a double-displacement mechanism (6) , which has been postulated by Koshland (7) (Fig. 1) . Generally, two carboxyl groups act as the catalysts, although some exceptions have been reported (8 -11) . The catalytic carboxylate (catalytic nucleophile) nucleophilically attacks the anomeric carbon to form a covalently bound glycosyl-enzyme intermediate with inverted anomeric configuration. The catalytic carboxyl group (general acid/base catalyst) simultaneously donates a proton to the glycosidic oxygen and releases the aglycone. The dissociated general acid/base catalyst promotes the nucleophilic attack of the oxygen water to the C1 of the intermediate, and the glycone part is released upon a second anomeric inversion. These two steps proceed through an oxocarbenium ion-like transition state. Transglycosylation occurs when the hydroxyl group of a sugar serves as an acceptor of the glycone part. The catalytic nucleophile and general acid/ base catalyst of GH family 13 enzymes are Asp and Glu, found in the conserved regions II and III, respectively (5) , and these residues are situated at the C-terminal ends of ␤-strand 4 and ␤-strand 5 of domain A, respectively.
Recently, we have determined the three-dimensional structures of DG from Streptococcus mutans ( the Asp and Glu conserved in regions II and III, respectively, are located at the bottom of the active site pocket, and they are thought to act as the catalytic nucleophile and the general acid/ base catalyst, respectively. Cysteine sulfinate substitutions of the catalytic carboxylates (general base catalyst) in inverting glycosidases have been reported (13, 14) . In the case of GH 15 glucoamylase (EC 3.2.1.3), replacement of the general base catalyst by cysteine sulfinate increased the catalytic activity (the mutant enzymes showed 160% of the activity of the wild type) (13) . On the other hand, the mutant GH 6 cellulase harboring cysteine sulfinate in the position of the catalytic base showed only 52% of the wild type activity, but it had higher activity at low pH than the wild type cellulase (14) . In contrast to these inverting glycosidases, the effect of sulfinate substitution of a catalytic carboxylate on a retaining glycosidase has not been investigated thus far. In this study, the catalytic nucleophile of SmDG, Asp-194, was replaced by cysteine sulfinate (Fig. 1) , and the mutant enzyme was characterized in detail.
EXPERIMENTAL PROCEDURES

Preparation of C129S/C532S (2CS), D194A/C129S/C532S (D194C-2CS), and D194A
Generation of the mutants was as follows. (i) For 2CS, replacement of two original Cys residues (Cys-129 and Cys-532) with Ser was carried out by the overlap extension PCR method (15) , in which the expression plasmid of the wild type SmDG (1) as the template was used. (ii) For D194A and D194C-2CS, Asp-194 of wild type enzyme or 2CS was substituted with Ala or Cys by site-directed mutagenesis by the megaprimer PCR method (16) , in which the expression plasmid of the wild type enzyme or 2CS was used for D194A or D194C-2CS, respectively. Sequences of the primers used are summarized in Table 1 . Amplified PCR fragments were cloned into pET-23d (Novagen, Darmstadt, Germany) as described previously (1) . The resulting expression plasmids were introduced into Escherichia coli BL21 (DE3) CodonPlus RIL (Stratagene; La Jolla, CA), and the mutant enzymes were prepared as reported else- where (1) . Induction of protein production was carried out at 15°C for 18 h to improve the production level of the recombinant protein. Concentrations of the purified enzymes were measured by quantification of each amino acid by the ninhydrin colorimetric method using JLC-500/V (Jeol Ltd.; Tokyo, Japan) after hydrolysis of 32 g of the purified enzymes in 6 N HCl at 110°C for 24 h (17).
Oxidation of D194C-2CS
The thiol group of Cys-194 of D194C-2CS was oxidized by KI (13, 14) . 2CS, as a control, was also treated under the same conditions. To determine the optimum concentration of KI treatment, a mixture (100 l) containing 0 -0.3 M KI, 10 M bromine, 0.25 M sodium phosphate buffer (pH 6.0), and 3.16 M D194C-2CS or 3.51 M 2CS was incubated at 25°C for 30 h, and the activity was measured as described herein.
The oxidized D194C-2CS (Ox-D194C-2CS) was prepared on a large scale. Fifty ml of a mixture containing 0.2 M KI and the above-mentioned components was incubated at 25°C for 240 h and dialyzed thoroughly against 20 mM sodium phosphate buffer (pH 6.0). The thiol group of D194C-2CS before and after oxidation was quantified by Ellman's method (18) The sample (3.46 nmol) was dried up in vacuo and dissolved in 90 l of 0.1 M Tris-HCl buffer (pH 7.0) containing 10 mM EDTA and 6 M guanidine-HCl. Ten l of 50 mM sodium phosphate buffer (pH 7.0) containing 4 mM 5,5Ј-dithiobis(2-nitrobenzoic acid) was added and incubated at room temperature for 10 min. Liberated 3-carboxy-4-nitrothiophenolate ion from 5,5Ј-dithiobis(2-nitrobenzoic acid) was measured on the basis of ⑀ 1 m, 412 nm ϭ 13,380 (19) .
Structural Analysis of Oxidized Cys
One nmol of Ox-D194C-2CS was dissolved in 100 l of 0.5 M Tris-HCl buffer (pH 7.5) containing 10 mM EDTA, 4 M urea, and 0.2 M lysyl endopeptidase (Wako Pure Chemical Industries; Osaka, Japan), and incubated at 37°C for 24 h. The resulting mixture was purified using HPLC under following conditions: column, Capcell Pak C 18 UG120 (4.6 ϫ 150 mm: Shiseido; Tokyo, Japan); column temperature, 50°C; elution, 0 -50% acetonitrile linear gradient in 0.1% trifluoroacetic acid; flow rate, 1 ml/min; detection, absorbance at 214 nm. To screen the peptide containing oxidized Cys-194, the molecular masses of the separated peptides were measured by matrix-assisted laser desorption ionization-time of flight-mass spectrometry with the Voyager-DE-STR TOF-MS system (Applied Biosystems, Foster City, CA). As a matrix solution, 32.5 mM 2,5-dihydroxybenzoic acid in 30% acetonitrile and 0.1% trifluoroacetic acid was used. The sequence of the peptide was confirmed using a Procise 491 protein sequencer (Applied Biosystems).
The pI values of 2CS, D194C-2CS, and Ox-D194C-2CS were measured by isoelectric focusing electrophoresis. Two hundred nanograms of each protein was applied on a PhastGel IEF 4-6.5 (Amersham Biosciences), and the electrophoresis was performed using a PhastSystem (Amersham Biosciences). Protein was detected by Coomassie Brilliant Blue staining using Rapid CBB Kanto (Kanto Kagaku, Tokyo, Japan).
Enzyme Assay
In the standard enzyme assay, the activity toward 2 mM p-nitrophenyl ␣-d-glucopyranoside (pNPG, Nacalai Tesque, Kyoto, Japan) was measured as described previously (1) . Thermal and pH stabilities and optimum pH were evaluated according to our previous study (1) . Steady state kinetic parameters for pNPG, phenyl ␣-glucopyranoside (PG) (synthesized by Trevelyan's method (20)), and p-nitrophenyl ␣-isomaltoside (pNPIG2) (prepared by our previous method (1)) were determined according to the procedures described previously (21) . The kinetic parameters for isomaltose (IG2; Tokyo Kasei, Tokyo) were calculated with some modifications as described below. The transglucosylation ratio (%) was calculated from the division of transglucosylation velocity by aglycone releasing velocity (sum of transglucosylation and hydrolysis). Conditions of the assay are described below.
pNPG-Aglycone releasing and hydrolytic velocities toward 0.2-8 mM pNPG were measured as described previously (21), except that EDTA was not added to the reaction mixture. The concentrations of Ox-D194C-2CS, 2CS, and wild type were 192, 0.789, and 0.404 nM, respectively.
PG-The reactions in the presence of 1-20 mM PG were carried out similar to those of pNPG except for the substrate and enzyme concentrations. The concentrations of Ox-D194C-2CS and 2CS were 30.8 and 0.980 nM, respectively. The liberated glucose was measured by the glucose oxidase-peroxidase method to determine the hydrolytic velocity (22) . For the measurement of aglycone releasing velocity, liberated phenol was quantified by the method of Robertson and Halvorson (23) .
pNPIG2-A reaction mixture (50 l) containing 2.56 nM Ox-D194C-2CS or 0.196 nM 2CS, 1-4.5 mM pNPIG2, 40 mM sodium phosphate buffer (pH 6.0), and 0.02% BSA was incubated at 37°C for 10 min. The reaction was stopped by adding 5 l of 5 M acetic acid, and the mixture was separated by HPLC to quantify pNPG (aglycone) and p-nitrophenyl ␣-isomaltotrioside (transglucosylation product). The HPLC conditions were as follows: column, 4.6 ϫ 250 mm AP303 (YMC; Kyoto, Japan); column temperature, 50°C; eluent, 9% acetonitrile; flow rate, 1 ml/min; detection, absorbance at 313 nm.
IG2-In the reaction to IG2, glucose was liberated as the hydrolytic product (glycone part) and the leaving group of both transglucosylation and hydrolysis. Thus the velocity of glucose liberation (v g ) was given by sum of velocities for leaving group release (v lr ) and hydrolysis (v h ). From our previous study (21) , v lr and v h were calculated as follows
and therefore v g was given as follows
A reaction mixture (50 l) containing 64 nM Ox-D194C-2CS or 0.156 nM 2CS, 1-20 mM IG2, 40 mM sodium phosphate buffer (pH 6.0), and 0.02% BSA was incubated at 37°C for 10 min. Liberated glucose was measured as described above.
TLC Analysis of Products from IG2 and IG3
The reactions to IG2 and IG3 by Ox-D194C-2CS and 2CS were analyzed. One ml of a mixture consisting of 192 nM Ox-D194C-2CS or 19.2 nM 2CS, 20 mM IG2, or 10 mM IG3 (Seikagaku, Tokyo, Japan) and 10 mM sodium phosphate buffer (pH 6.0) was incubated at 37°C. An aliquot (100 l) was taken at the time indicated and immediately boiled for 3 min. The resulting mixture (2 l) was analyzed by TLC. 2-Propanol/1-butanol/water, v/v/v, 12:3:4 was used as the developing solvent. The chromatogram was visualized with a detection reagent (5% sulfuric acid in ethanol) followed by heating at 120°C.
Product Distribution Analysis of Reaction toward IG3
Reaction products from IG3 were quantified by high performance anion exchange chromatography. A reaction mixture (500 l) consisting of 19.2 nM 2CS or 1.92 M Ox-D194C-2CS, 10 mM IG3, and 10 mM sodium phosphate buffer (pH 6.0) was incubated at 37°C. An aliquot (50 l) was taken at the indicated time and heated at 100°C for 10 min to stop the reaction. High performance anion exchange chromatography was carried out under the following conditions: column, CarboPac PA1 (4.0 ϫ 250 mm, Dionex, Sunnyvale, CA); injection volume, 10 l; eluent, 320 mM NaOH; flow rate, 0.8 ml/min; detection, pulsed amperometry.
RESULTS AND DISCUSSION
Characterization of D194A Mutant-To confirm the importance of Asp-194 for SmDG catalytic activity, D194A was characterized. From 1 liter of culture fluid of the E. coli transformant, 31.8 mg of purified D194A was obtained. The enzyme activity significantly decreased upon substitution of Asp-194 to Ala, and its specific activity was 6.70 ϫ 10 Ϫ4 units/mg (3.9 ϫ 10 Ϫ4 % of wild type). This indicates that as the catalytic nucleophile, Asp-194 is essential for enzyme activity as predicted from the structural analysis of SmDG (12) and comparison of its amino acid sequence with those GH 13 enzymes where the catalytic nucleophiles have been demonstrated experimentally (24 -28) ( Table 2) .
Production of 2CS-Two Cys residues of SmDG, Cys-129 and Cys-532, were replaced by Ser, generating a Cys-free SmDG, i.e. 2CS. From 1 liter of culture medium, 20.1 mg of purified 2CS was recovered. The specific activity toward 2 mM pNPG of 2CS was 160 units/mg, which was similar to that of the wild type SmDG, 171 units/mg (1) . 2CS showed the same pH optimum (pH 6.0), pH stability (pH 5.6 -7.0 at 37°C for 15 min), thermal stability (Յ40°C at pH 6.0 for 15 min), and substrate specificity as wild type SmDG (1). Kinetic parameters of 2CS for pNPG were also basically close to those of the wild type ( Table 3 ). The substitutions of two Cys residues with Ser did not affect the enzymatic properties, and 2CS was used as the control enzyme in the following analyses.
Oxidation of the Thiol Group of D194C-2CS-D194C-2CS
, in which Asp-194 of 2CS was replaced by Cys, was prepared from 2 liters of culture broth of the E. coli transformant, and 34.9 mg of purified enzyme was obtained. The specific activity of D194C-2CS was 1.30 ϫ 10 Ϫ3 units/mg, which was 8.1 ϫ 10 Ϫ4 % of 2CS.
To oxidize the thiol group of Cys-194, D194C-2CS was treated with various concentrations of KI at 25°C for 30 h. The activity of D194C-2CS increased depending on the concentration of KI up to 0.3 M (Fig. 2a) . Using 2CS as a control, the activity was not changed by incubation with Յ0.2 M KI and decreased to 71% of the original activity in the presence of 0.3 M KI. When D194C-2CS was incubated in the presence of 0.2 M KI, the maximal activity was reached at 195 h and did not change significantly upon further incubation, whereas the activity of 2CS did not change when incubated under the same conditions for 300 h (Fig. 2b) . To prepare Ox-D194C-2CS for characterization, 158 nmol of D198C-2CS was treated with 0.2 M KI for 240 h at 25°C. After the incubation, no free thiol group was detected in 3.46 nmol of Ox-D194C-2CS, indicating that the single Cys at the catalytic center was fully oxidized (more than 95% of D194C-2CS was oxidized, estimated from the limit of detection of free-thiol group).
The structure of the oxidized thiol group was analyzed by mass spectrometry. After digestion of Ox-D194C-2CS with lysyl endopeptidase, the resulting peptides were separated by HPLC, and the mass of each peptide was measured by matrixassisted laser desorption ionization-time of flight-mass spectrometry. One peptide of 1629.6 Da was revealed to be Gly-187-Lys-201 by complete Edman degradation sequencing. The mass of this peptide was higher than its theoretical mass of 1596.8 Da by ϳ32 Da, indicating that Cys-194 was converted to cysteine sulfinate as reported previously for two inverting glycosidases (13, 14) . Masses of 17 peptides were assigned, and 35% of the entire sequence was covered. The peptide carrying nonoxidized Cys-194 was not found in the analysis. Although retaining and inverting glycosidases employ distinct reaction mechanisms, the sulfinate group can replace carboxylates, which act as the catalytic nucleophile and general base catalyst in retaining and inverting glycosidases, respectively.
Characterization of Ox-D194C-2CS-The specific activity of Ox-D194C-2CS toward 2 mM pNPG was 0.438 units/mg, which was 0.27% of 2CS and 340-fold higher than D194C-2CS. Ox-D194C-2CS was stable from pH 6.0 to 7.0 and at temperatures Յ37°C. Ox-D194C-2CS was slightly less stable at low pH and high temperature than 2CS. Ox-D194C-2CS showed the highest activity at pH 6.0 toward 0.5 mM IG2, similar to 2CS, and no shift of its pH profile was observed, although introduction of a cysteine sulfinate at the catalytic base position of a cellulase is known to induce an acidic shift in its pH profile (14) . Isoelectric focusing electrophoresis of 2CS, D194C-2CS, and Ox-D194C-2CS in the native state revealed that the isoelectric points of all SmDG variants were the same, 5.1, and thus, the replacement of Asp-194 by cysteine sulfinate did not affect its pI. Ox-D194C-2CS acted on only IG2, but not on trehalose, kojibiose, nigerose, and maltose, similar to the activity profile for 2CS, indicating that the substrate preference of Ox-D194C-2CS was the same as that of 2CS.
Transglucosylation Activity of Ox-D194C-2CS-The reactions catalyzed by Ox-D194C-2CS and 2CS to IG3 were monitored by TLC and high performance anion exchange chromatography (Figs. 3a and 4) . In the initial stage of the reaction, glucose and isomaltotetraose (IG4) were liberated by hydrolysis and transglycosylation, respectively. IG2 was produced by both reactions. Under the experimental conditions (10 mM IG3), 2CS released an almost equal amount of glucose and IG2 at the initial stage of the reaction (up to 20 min), whereas Ox-D194C-2CS generated not only glucose and IG2 also IG4. This result indicates that 2CS predominantly catalyzed hydrolysis, but Ox-D194C-2CS catalyzed both hydrolysis and transglucosylation. The production level of IG4 reached maximum (0.77 mM) at 20 min of reaction, and the concentration of IG4 was decreased by further incubation. Ox-D194C-2CS also produced a small amount of isomaltopentaose (IG5), which was not detected in the 2CS reaction. The IG5 produced gradually increased during the reaction, and the concentration reached 0.35 mM at 60 min of reaction.
To kinetically analyze the enhancement of transglucosylation, the velocity of aglycone release (the sum of transglucosylation and hydrolysis) and the hydrolysis (transglucosylation for pNPIG2) velocity toward pNPG, PG, and pNPIG2 were measured, and steady state kinetic parameters were determined (Table 3) . Ox-D194C-2CS showed 17-3,000-fold lower k cat1 values for pNPG, PG, and pNPIG2 than 2CS, but k cat2 values, which are the reaction rate constants at infinite substrate concentration, for these substrates were 1.8 -260-fold lower. In particular, Ox-D194C-2CS showed a k cat2 value for pNPIG2 approximately half of that of 2CS. For Ox-D194C-2CS, the k cat1 /k cat2 values for pNPG, PG, and pNPIG2 were 0.0821, 0.00563, and 0.333, respectively, which were 9.4 -66-fold lower than those of 2CS (0.954, 0.370, and 3.10, respectively). Ox-D194C-2CS exhibited lower k cat1 /k cat2 values than 2CS and similar K m2 values, resulting in lower K TG values than 2CS. The K TG value is equal to the substrate concentration giving 50% of the transglucosylation ratio, where the transglucosylation ratio is represented by the following equation (21) Transglucosylation ratio ϭ v tg /v lr ϭ ͓S͔/͑K TG ϩ ͓S͔͒ ϫ 100 (Eq. 4) where
The Ox-D194C-2CS and 2CS transglucosylation ratios for pNPG, PG, and pNPIG2 increased depending on the substrate concentrations, and all fit the theoretical curves (Fig. 5 ), which were calculated from the values in Table 3 . Ox-D194C-2CS showed considerably higher transglucosylation ratios for these substrates at any substrate concentration tested. When pNPG and PG were employed as substrates, Ox-D194C-2CS reached almost 100% of the transglucosylation ratios at concentrations of 4 mM or higher, whereas the transglucosylation ratios of 2CS for these substrates were 75 and 55% at 4 mM, respectively. When compared with 2CS, Ox-D194C-2CS also showed a much higher transglucosylation ratio toward pNPIG2, although the substrate concentration tested was not sufficient to reach 100%. The transglucosylation ratios of Ox-D194C-2CS and 2CS for 4.5 mM pNPIG2 were 80 and 28%, respectively.
In the reaction to IG2, TLC analysis indicated that Ox-D194C-2CS produced a large amount of IG3 in contrast to 2CS (Fig. 3b) . Kinetic analysis supported this observation. The velocities of Ox-D194C-2CS for the glucose liberation fitted well to the theoretical curve obtained from Equation 3 (kinetic parameters are shown in Table 3 (Table 3) revealed that Ox-D194C-2CS exhibited significantly higher preference for transglucosylation than 2CS. In other words, the conversion of the catalytic carboxylate (pK a , 3.90) to a sulfinate (pK a , 1.50) (29) enhanced preference for transglucosylation. This indicates that, in the deglycosylation step, Ox-D194C-2CS used acceptor sugars more than water (i.e. catalytic water). We have no reasonable explanation for this phenomenon, and three-dimensional structural analysis is required to provide structural insight. One possible explanation was that the glucosyl enzyme intermediate was stabilized by changing the nucleophilic carboxylate to sul-finate. Sugar binding to the acceptor site of Ox-D194C-2CS might stabilize the transition state of the deglucosylation step and lower the activation barrier increased through stabilization of the glucosyl enzyme intermediate. A similar phenomenon has been observed in the reactivation of glycosyl enzyme intermediates trapped with 5-or 2-fluoroglycoside (30, 31) , although in this case, the activation energy of the deglycosylation step increased through destabilization of the transition state by substitution of the hydroxy group of the glycone part to fluorine. The intermediates were fully stable in water so that the labeled positions could be analyzed, but the bound fluoroglycosides were released by the addition of sugars through transglycosylations. This reactivation was thought to be driven by the binding energy between the intermediate and the added acceptor sugar, which was used to stabilize the transition state for the transfer of the glycosyl residue (32) .
Ox-D194C-2CS efficiently transferred a glucose moiety not only from aryl glucoside substrates (pNPG and PG), but also from natural ␣-1,6-glucosyl-linked substrates (IG2, IG3, and pNPIG2) (Figs. 3-5 and Table 3 ). Ox-D194C-2CS did not require activated substrates equipped with a good leaving group such as fluorine or dinitrophenolate for efficient transglucosylation. This is useful for the industrial production of oligosaccharides because it is too difficult to employ synthetic substrates in the industrial process. Thus, introduction of cysteine sulfinate as the catalytic nucleophile of retaining glycosidases could be a new strategy to provide high transglycosylation activity. A change of distance between the catalytic nucleophile and general acid/base catalyst results in a large loss of enzyme activity (33) . Hence this technique is presumably limited to retaining glycosidases having Asp as the catalytic nucleophile because conversion of Glu into cysteine sulfinate shortens the distance between the catalytic residues.
